Purpose: Purpose: Purpose: Purpose: To retrospectively assess the value of endorectal magnetic resonance (MR) imaging and MR spectroscopy combined with the free-tototal prostate-specific antigen (PSA) ratio for detecting prostate cancer in men with elevated PSA levels.
Combined endorectal magnetic resonance (MR) imaging and MR spectroscopy of the prostate has yielded accurate results for prostate sextant localization (4-6). The accuracy of MR spectroscopy for prostate cancer sextant localization is similar to that of biopsy and is greater than that of biopsy in the prostate apex (4).
There have been attempts to improve the specificity of PSA levels. Recently, measurements of molecular isoforms of PSA in the serum, such as the freeto-total PSA ratio or complex PSA, have been investigated. In men with a total PSA level between 3 and 10 ng/mL, use of free-to-total PSA ratio is better in distinguishing prostate cancer from benign disease than the measurement of total PSA level alone (7). A systemic review and metaanalysis confirmed that the use of free-to-total PSA ratio in men with a PSA level between 2 and 10 ng/mL reduces the number of unnecessary biopsies, while maintaining a high cancer detection rate (8).
We aimed to assess the value of endorectal MR imaging and MR spectroscopy combined with free-to-total PSA ratio for detecting prostate cancer in men with elevated PSA levels.
Subjects
Our institutional review board approved this retrospective study, and informed consent was obtained from all patients. Between June 2004 and September 2006, 54 consecutive men (mean age, 60 years; range, 50-71 years) with PSA levels greater than 3 ng/mL but less than 15 ng/mL and free-to-total PSA ratio of less than 20% were selected by the urology department to undergo MR imaging at least 3 weeks before undergoing transrectal US-guided sextant biopsy. The interval between MR imaging examination and biopsy was 13 days ± 8 (standard deviation) (range, 5-35 days). Our flow diagram for patient selection is summarized in Figure 1 . Exclusion criteria were prior biopsy, poor general health contraindicating biopsy and/or prostatectomy, previous diagnosis of acute prostatitis, history of prostate cancer, and contraindications to MR imaging (eg, cardiac pacemakers, intracranial clips) or to endorectal coil insertion (eg, anorectal surgery, inflammatory bowel disease). Our primary selection included 61 patients. From these patients, seven were excluded because pathologic data were unavailable (n = 4) or there was image distortion (n = 3). Blood samples for measuring PSA levels and free-to-total PSA ratio were obtained before digital rectal examination and were always processed at the same laboratory. Prostates with asymmetries, indurations, or nodules were classified as abnormal. Data collected from each patient included digital rectal examination findings, PSA level, and free-to-total PSA ratio. 
MR Imaging Technique
MR studies were performed with a 1.5-T whole-body MR imaging unit (version 12.0, Signa Horizon; GE Medical Systems, Milwaukee, Wis). A body coil was used for excitation, and a pelvic four-channel phased-array coil in combination with a commercially available balloon-covered expandable endorectal coil (Endo ATD; Medrad, Pittsburgh, Pa) was used for signal reception. The endorectal coil was positioned with the patient in recumbent lateral position and was insufflated with 80-100 mL of air by a radiologist (J.C.V.) with more than 12 years of experience in prostate MR imaging. We performed transverse T1-weighted sequences with the following parameters: repetition time msec/echo time msec, 500/12; section thickness, 5 mm; intersection gap, 1 mm; field of view, 24 cm; matrix, 256 × 192; transverse frequency encoding; and one signal acquired of the pelvic region from the
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In this page In a new window Download as PowerPoint Slide aortic bifurcation to the symphysis pubis. We performed transverse and coronal high-resolution T2-weighted fast spin-echo imaging of the prostate and seminal vesicles with the following parameters: 5000/102; echo train length, 16; section thickness, 3 mm; intersection gap, 0 mm; field of view, 14 cm, matrix 256 × 192; anteroposterior frequency encoding; and three signals acquired.
MR Spectroscopy
MR spectroscopy data were acquired within a volume around the prostate after reviewing the transverse T2-weighted images. The point-resolved spatially localized spectroscopy box was positioned on transverse T2-weighted images by an MR imaging technologist with the supervision of a radiologist (J.C.V., with more than 12 years of experience in prostate spectroscopy).
Three-dimensional MR spectroscopy data were acquired by using a waterand lipid-suppressed double spin-echo point-resolved spatially localized spectroscopy sequence optimized for the quantitative detection of choline (Cho) and citrate (Cit). To achieve water and lipid suppression, a bandselective inversion with gradient dephasing technique was used. Outer voxel saturation pulses were also used to eliminate signals from the adjacent tissues, especially periprostatic lipids and rectal wall tissue. The line width at half height of the water resonance through the selected volume was used as index of good magnetic field homogeneity. The three-dimensional MR spectroscopy data were processed and aligned (A.M., with 14 years of experience in spectroscopic imaging) with the corresponding MR image on a workstation (Functool, GE Medical Systems) using specific commercially available software for analyzing threedimensional MR spectroscopy studies. Spectra were automatically postprocessed, quantified, and reconstructed with such specific software. Peak areas for Cho, creatine (Cr), and Cit were calculated by using numeric integration. Metabolic maps of Cho plus Cr-to-Cit ratio (hereafter, [Cho + Cr]/Cit) were generated. Signal-to-noise ratios were automatically calculated as the ratio between Cit or Cho peak amplitude and the standard deviation of the noise over the 0.40-0.96-ppm range. Voxels were considered suitable if they consisted of at least 75% peripheral zone tissue, did not include periurethral tissue or ejaculatory ducts, had signal-to-noise ratio of greater than 5:1, and were not spectroscopically contaminated by insufficient water or fat suppression.
Image Interpretation
Three faculty radiologists (J.C.V., J.B., A.M., with 12, 6, and 4 years experience in both prostate MR imaging and MR spectroscopic imaging interpretation, respectively) evaluated in consensus all the MR and MR spectroscopy findings, while blinded to the clinical findings. Reader 1 (J.C.V.) had interpreted at least 1500 prostatic MR and MR spectroscopy images, reader 2 (J.B.) had interpreted approximately 200 prostatic MR and MR spectroscopy images, and reader 3 (A.M.) had interpreted approximately 150 prostatic MR and MR spectroscopy images. To allow for direct comparison between MR and three-dimensional MR spectroscopy, only sections covered at three-dimensional MR spectroscopy were evaluated on the MR images.
For tumor localization, the prostate was split along the midline and further divided into the apex, the middle, and base of the gland. Thus, in each case, the prostate was divided into six regions. The imaging evaluation consisted of two parts. First, the three readers interpreted and scored the T2-weighted images using a five-point scale. The presence of cancer on T2-weighted images, identified as an area of low signal intensity within the peripheral zone, was recorded for each region on a standardized form developed for this study. Readers graded their confidence that cancer was present in each region on a five-point scale: Grade 1 indicated definitely no tumor; 2, probably no tumor; 3, tumor possible; 4, tumor probable; and 5, tumor definitely present.
Second, all MR spectroscopy data were read at least 3 weeks after the first MR data sets. All readers interpreted randomly and independently the MR and MR spectroscopy data sets.
All the voxels within each of the six regions of the prostate were judged, and each region was scored on a five-point scale. To define the five categories, we used mean values of the (Cho + Cr)/Cit ratio calculated from the mean ratio previously published for healthy prostate tissue (9). The (Cho + Cr)/Cit ratio was also categorized on a five-point scale.
A score of 1 was assigned to voxels with a (Cho + Cr)/Cit ratio of less than 0.5; score of 2, voxels with a ratio of 0.5 or greater but less than 0.6; score of 3, voxels with a ratio of 0.6 or greater but less than 0.7; score of 4, voxels with a ratio of 0.7 or greater but less than 0.8; and score of 5, voxels with ratio of 0.8 or greater.
Biopsy
After standard preparation, all patients underwent transrectal US-guided biopsy by using a US scanner (Allegra; Siemens, Erlangen, Germany) with a 6.5-MHz sector probe. Eight prostatic cores were obtained by using an 18-gauge biopsy needle (Bard Urological, Covington, Ga) with a spring-loaded biopsy gun (Manan Medical Products, Northbrook, Ill). Prostatic cores were obtained from the six regions of the peripheral gland, and two additional cores were obtained from the transitional zone on each side of the gland. All cores were labeled according to their sextant topographic location as the base, midgland, or apex from each side of the gland and the transitional zone. All biopsies were performed by one radiologist (A.M.) who was unaware of the clinical and imaging findings. Cores from the transitional zone were not analyzed in this study.
Standard of Reference
Histopathologic material was analyzed by a pathologist (E.L.B.) with 19 years of experience in prostate disease. The material for histopathologic analysis was the biopsy core in 43 patients and the prostatic gland after prostatectomy in 11 patients. The histopathologic analysis included determination of the number of positive cores for prostate cancer. The biopsy or specimen analysis was performed according to the six regions that each prostate was divided in the peripheral gland on the basis of the schematic diagram described previously. Alignment of the imaging data and histopathologic evaluation is considered difficult (10). Thirteen patients with prostate cancer were treated with radiation therapy or androgen ablation. All 30 patients with negative findings at biopsy were followed up for a 6-12-month period. The corresponding data from those patients are being evaluated in order to detect the possible false-negative biopsy results, and further results will be forthcoming.
Statistical Analysis
The sensitivity, specificity, and diagnostic accuracy of the binary variable digital rectal examination were determined by using two dichotomized ratings: positive, when suspicious for cancer, and negative, when not suspicious for cancer.
The diagnostic power of the continuous variables, PSA level and free-to-total PSA ratio, was evaluated by using the area under the receiver operating characteristic (ROC) curve (AUC). Findings of MR and MR spectroscopy were analyzed by considering the prostate as the unit of statistical analysis. For this reason, the maximum value of the six readings on the peripheral sextants was considered the MR imaging (or MR spectroscopy) score for each prostate. The overall diagnostic performance of MR imaging and MR spectroscopy prostate scores from the five-point scale was calculated from the AUC of the corresponding ROC curves. The sensitivity, specificity, and accuracy of MR imaging and MR spectroscopy prostate scores were also calculated by dichotomizing the scores: scores of 3-5 were considered to indicate presence of prostate cancer, whereas scores of 1-2 were considered to indicate not cancerous prostate.
We also evaluated the predictive performance for different combinations of the three predictive variables: MR imaging (five-point scale), MR spectroscopy (five-point scale), and free-to-total PSA ratio. Those analyses were performed by fitting a binary logistic regression model to sample data by using those combinations of variables as predictor variables. Despite the ordinal nature of MR and MR spectroscopy scores, these variables were considered numerical in the regression models. The estimated probabilities given by those regression models were used to draw the corresponding ROC curves and to estimate its predictive accuracy from the AUCs.
The data were also analyzed by using another statistical approach based on generalized estimated equations methodology. Instead of considering the maximum value of the six readings of the variables MR and MR spectroscopy on the peripheral sextants for each prostate, individual readings were preserved. Because these individual readings were correlated, it was necessary to introduce a working correlation matrix into the generalized linear model. The correlation structures used in the predictive logistic models were exchangeable and unstructured. Once we estimated the probability of cancer in each of the sextants with the model, we took the maximum value of the six probabilities of sextants located in the same prostate to be the probability of prostate cancer and used it to compare the diagnostic power of the different predictive models.
To compare the accuracy of any pair of those predictive models, the AUCs were compared by using an algorithm (11). All P values < .05 were considered to indicate a significant difference.
Individual relative measure of risk for each one of the variables, MR imaging (dichotomized and five-point scale), MR spectroscopy (dichotomized and five-point scale), and free-to-total PSA ratio, was obtained from the corresponding odds ratios estimated by using logistic regression. Statistical analyses were performed with statistical software (Stata 9.0; Stata, College Station, Tex).
Prostate cancer was detected in 44% (24 of 54) of patients after biopsy or prostatectomy analysis of pathologic data. The sensitivity, specificity, and accuracy of digital rectal examination were 50% (12 of 24), 63% (19 of 30), and 57% (31 of 54), respectively. The mean PSA level in patients with prostate cancer (7.6 ng/mL; range, 4.1-14.2 ng/mL) was slightly but significantly higher than that of patients without prostate cancer (6.3 ng/mL; range, 3.0-15.0 ng/mL) (P = .043). The mean free-to-total PSA ratio in patients with prostate cancer (11.1%; range, 6.3%-20.0%) was significantly different from that in patients without prostate cancer (16.4%; range, 8.5%-19.2%) (P < .001). The diagnostic accuracy of PSA level and free-to-total PSA ratio was 66.8% and 82.5%, respectively.
The accuracy of the dichotomized MR imaging and MR spectroscopy prostate scores was 75.9% (41 of 54) and 90.7% (49 of 54), respectively. The accuracy of dichotomized MR spectroscopy was significantly greater than that of dichotomized MR imaging (P = .043). The accuracy of MR imaging and MR spectroscopy prostate scores with use of the five-point scale as predictive variables was 85.1% and 87.2%, respectively ( Table 1 ). The accuracy of the predictive models including MR plus MR spectroscopy, free-to-total PSA ratio plus MR imaging, free-to-total PSA ratio plus MR spectroscopy, and free-tototal PSA ratio plus MR plus MR spectroscopy as predictor variables was 94.9%, 90.8%, 95.1%, and 97.5%, respectively (Table 1) . The accuracy of the complete model, including the three predictive variables of free-to-total PSA ratio, MR imaging (five-point scale), and MR spectroscopy (five-point scale), was 97.5%. This is significantly higher than the accuracy of the models using only free-to-total PSA ratio (82.5%, P = .006), only MR imaging (85.1%, P = .007), or only MR spectroscopy (87.2%, P = .041) as the predictive variable and also higher than the accuracy of the model using free-to-total PSA ratio and MR imaging together (90.8%, P = .038). Figure 2 shows MR imaging and MR spectroscopic imaging of prostate cancer, which was clearly depicted at MR spectroscopy. However the accuracy of the predictive model of free-to-total PSA ratio plus MR imaging plus MR spectroscopy (97.5%) is not significantly higher than that of the model combining MR imaging plus MR spectroscopy (94.9%, P = .261) or free-to-total PSA ratio plus MR spectroscopy (95.1%, P = .290) (Fig 3) . Figure   4 shows the predictive probabilities of prostate cancer estimated from binary regression models using the free-to-total PSA ratio alone as predictive
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The accuracy of the predictive model based on the generalized estimated equations approach using free-to-total PSA ratio and the individual readings of MR and MR spectroscopy on the peripheral sextants for each prostate as predictor variables was 97.0% for exchangeable correlation structure. This accuracy is not significantly different from the accuracy (97.5%) of the predictive model that included free-to-total PSA ratio plus MR imaging plus MR spectroscopy (P = .690). The same generalized estimated equations predictive model for unstructured correlation structure was nonconvergent. Table 2 gives the individual odds ratio of each predictive variable. The estimated odds ratio of the dichotomized MR imaging was 9.7. Therefore, the odds of prostate cancer when the MR score is in the range 3-5 are almost 10 times greater than when the score is in the range 1-2. Similarly, the odds of prostate cancer when MR spectroscopy scores are in the range 3-5 are almost 100 times greater than when score is in the range 1-2. Since the standard errors of these estimated odds ratios are very high, the numerical interpretations are only a way of guidance. The estimated odds ratios of the five-point scale MR and MR spectroscopy are 3.8 and 4.5, respectively. Therefore, an increase of one unit in the MR score multiplies the odds of prostate cancer by 3.8. Finally, the odds ratio of free-to-total PSA ratio is 0.7. This means that a decrease of one unit in the free-to-total PSA ratio multiplies the odds of prostate cancer by 1.4 (1 ÷ 0.7). It is important to emphasize that those individual odds ratios are all significantly different from 1, even when they are simultaneously present in the predictive model (all P values are < .030).
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Odds Ratios for Each Predictive Variable
Our study shows a potential benefit of including MR and MR spectroscopy in the diagnostic work-up of patients with elevated PSA level and low free-tototal PSA ratio to detect prostate cancer before transrectal US-guided biopsy. A better accuracy is obtained by combining the data of MR imaging, MR spectroscopy, and free-to-total PSA ratio, although in the application of the parsimonious principle, a predictive model combining only MR spectroscopy and free-to-total PSA ratio data would be also acceptable without a significant loss of diagnostic accuracy. However, an optimized spectroscopic examination, MR spectroscopy, requires the combined morphologic data of MR imaging in order to perform an integrated analysis of the prostate.
Previous studies have shown the benefit of adding MR spectroscopy data to the information obtained at MR imaging (5, 6, 9, 12, 13) , although the accuracy of the technique reported in these studies varies, especially due to the different criteria used for patient preselection and the methods used for analysis. Our study used both sextant localization and prostate localization for the analysis. Moreover, we analyzed each of these methods by using both dichotomized scores and five-point scales. Our approach yielded different accuracy for different methods; this highlights the difficulty of comparing results from previous studies. The accuracy of MR spectroscopy was 90.7% when a dichotomized score was used and 87.2% when a five-point scale was used. We confirm the benefit of including both MR imaging and MR spectroscopy in the diagnostic algorithm: Combing the two techniques significantly improves accuracy, from 85.1% and 87.2%, respectively, for MR and MR spectroscopy alone to 94.9% when they are combined. On the other hand, Costouros et al (14) recently found that the addition of MR spectroscopy to MR imaging did not significantly improve diagnostic accuracy for prostate cancer detection; nevertheless, they conclude that MR spectroscopy is a useful supplement in the diagnosis of prostate cancer. MR spectroscopy has also proved useful in conjunction with transrectal US, where transferring the metabolic data to the US images improves determination of prostate cancer (15).
We confirm the low accuracy of digital rectal examination and PSA values in detecting prostate cancer (16), although these methods are still the most widely used. We found the free-to-total PSA ratio more accurate in detecting prostate cancer, as reported elsewhere (17). Our study demonstrates the benefit of combining the clinical data (free-to-total PSA ratio) with the imaging data (MR imaging and MR spectroscopy) for detecting prostate cancer early. Our predictive model shows that for any value of free-to-total PSA ratio, the predictive probability of prostate cancer increases significantly if MR spectroscopy score is equal to 4 or 5 and decreases if it is equal to 1 or 2.
Although one recent study demonstrated improved accuracy by combining MR imaging and PSA density (18), we report on an accurate predictive model that combines MR imaging, MR spectroscopy, and free-to-total PSA ratio for detecting prostate cancer. Use of MR spectroscopy could be more accurate than the current transrectal US-guided blind biopsy method, where reported data have shown prostate cancer in 20% of the patients (19).
We could further refine the algorithm to detect prostate cancer by incorporating free-to-total PSA ratio data early on. Patients with PSA between 4.0 and 10 ng/mL and a low free-to-total PSA ratio could be examined with MR imaging plus MR spectroscopy to determine whether biopsy is necessary (Fig 5) . Positive results at MR imaging plus MR spectroscopy would call for transrectal US-guided biopsy, and the metabolic data could be accurately transferred to the transrectal US images to help guide biopsy (15). Whether cancer detection rates improve significantly with extensive saturation-biopsy regimens is arguable; however, morbidity in these regimens is clearly higher (20) . Performing biopsy on the target lesion detected at MR spectroscopy would be more accurate than using the current blind biopsy method, and the indication for biopsy would be more efficient than use of current methods based on digital rectal examination findings and PSA values. Thus,
DISCUSSION
performing prostate biopsy with use of MR and MR spectroscopy data could improve the biopsy detection rate of prostate cancer. However, the method we propose requires a high level of expertise in MR spectroscopy and prostatic biopsy targeting. Moreover, the software and the acquisition techniques vary with different vendors, and while some MR imagers allow the study to be performed with a surface coil, others require an endorectal coil (21). findings and free-to-total PSA ratio (%fPSA).
We also found improved accuracy with MR imaging and free-to-total PSA ratio combined (90.8%) than with either technique alone. We have confirmed the moderate accuracy of using MR imaging alone, as previously reported (22) (23) (24) . Finally, it is important to note that MR imaging and MR spectroscopy findings for some benign conditions, especially chronic prostatitis, can be similar to findings for prostate cancer (25).
Certain limitations and drawbacks of our study and the proposed prostate cancer detection algorithm should be mentioned. First, MR spectroscopy is not widely available. Second, a better standardized scoring system must be developed to enable MR spectroscopy to be widely used, although one report shows good accuracy with use of a standardized five-point scale (26). Third, our patients were selected without prior biopsies; however, MR spectroscopy is routinely used in patients with previous negative biopsy findings. Fourth, we only analyzed the peripheral zone because we considered the prostate gland as a unit to enable us to analyze the imaging results in combination with the clinical data, which always refer to the whole gland. Moreover, the metabolic ratios of the peripheral and central gland are considered different to be analyzed as a whole unit. A main limitation of our study was the correlation of the imaging with the pathologic findings: Only 11 patients underwent prostatectomy, so the imaging-histologic correlation in the remaining 44 patients could only be performed with biopsy results. Therefore, we have to consider that because of the low sensitivity of transrectal US-guided biopsy as a standard of reference, it is possible that some patients who had negative biopsy findings could in fact had cancer. For this reason, all of the 30 patients with negative biopsy findings have been followed up. The data from those patients are being evaluated and will be reported. The difficulty of correlating the MR imaging or MR spectroscopy findings with biopsy results and even with surgical specimens is well known from attempts to ensure the correspondence of transrectal US-guided biopsy to suspicious areas on MR or MR spectroscopic images (10,27). Finally, our series of patients was small (n = 54) and larger studies are necessary to better assess these preliminary results.
In conclusion, combining data from MR imaging, MR spectroscopy, and freeto-total PSA ratio could improve prostate cancer detection in patients suspected of having prostate cancer and could obviate a substantial number of unnecessary biopsies.
In a multivariate analysis, the model combining endorectal MR imaging and MR spectroscopy with free-to-total prostate-specific antigen (PSA) ratio showed a 97% accuracy according to the area under the receiver operating curve, which significantly improved (P < .05) early detection of prostate cancer in patients with high levels of PSA and low free-to-total PSA ratio in comparison with using each variable alone. 
Advances in Knowledge
MR imaging and MR spectroscopy may be useful in the diagnostic algorithm to detect prostate cancer in patients with PSA levels greater than 3 ng/mL but less than 15 ng/mL and free-to-total PSA ratio of less than 20% and could potentially prevent unnecessary biopsies.
The addition of MR spectroscopy to MR imaging can improve detection of prostate cancer.
